A refracting lens is a key component of our imageforming camera eye; however, its evolutionary origin is unknown because precursor structures appear absent in nonvertebrates [1]. The vertebrate ␤␥-crystallin genes encode abundant structural proteins critical for the function of the lens [2]. We show that the urochordate Ciona intestinalis, which split from the vertebrate lineage before the evolution of the lens, has a single gene coding for a single domain monomeric ␤␥-crystallin. The crystal structure of Ciona bg-crystallin is very similar to that of a vertebrate ␤␥-crystallin domain, except for paired, occupied calcium binding sites. The Ciona bg-crystallin is only expressed in the palps and in the otolith, the pigmented sister cell of the light-sensing ocellus. The Ciona bg-crystallin promoter region targeted expression to the visual system, including lens, in transgenic Xenopus tadpoles. We conclude that the vertebrate ␤␥-crystallins evolved from a single domain protein already expressed in the neuroectoderm of the prevertebrate ancestor. The conservation of the regulatory hierarchy controlling ␤␥-crystallin expression between organisms with and without a lens shows that the evolutionary origin of the lens was based on co-option of pre-existing regulatory circuits controlling the expression of a key structural gene in a primitive lightsensing system.
Introduction
Most living vertebrates possess anterior paired eyes, each with a lens. Although anterior photoreceptors are *Correspondence: sebastian.shimeld@zoo.ox.ac.uk known to have evolved before the radiation of the major lineages of bilaterally symmetrical animals [3, 4] , the vertebrate lens is a more recent innovation that evolved in the vertebrate lineage. Indeed, the accurate vision facilitated by the lens is one of the key adaptations proposed to underlie the evolution of active predation by ancestral vertebrates and the subsequent evolutionary success of vertebrates themselves [5, 6] . The unique structural properties of the lens are due to its very high content of long-lived proteins, the crystallins. These derive predominantly from two gene families, the α-crystallin family and the βγ-crystallin family [2] . The structure of βγ-crystallins has been elucidated and found to have derived from an ancestral protein domain that comprised two symmetrically organized Greek key motifs.
Results and Discussion
Vertebrates, together with invertebrate urochordates such as the sea squirt Ciona intestinalis, compose phylum Chordata. C. intestinalis larvae share a basic chordate body plan with vertebrates, including the possession of a notochord and dorsal neural tube in which an anterior photoreceptor resides in a small brain [7] . Urochordates are, however, thought to have split from the vertebrate lineage prior to the evolution of the lens and the associated co-option of crystallin genes into the visual system. A search of the genome [8] of C. intestinalis for βγ-crystallin-like sequences identified one gene coding for a single domain protein with homology to vertebrate βγ-crystallins (for full details of methods, please see the Supplemental Data available with this article online). We name this gene Ci-bg-crystallin. Similar searches of the genome of the related urochordate, Ciona savignyi, also identified only one homologous gene (http://www.broad.mit.edu/). Sequence identity of the Ciona bg-crystallins with vertebrate bg-crystallins was relatively low, and hence to confirm their evolutionary relationship, we used X-ray crystallography to solve the structure of Ci-βγ-crystallin protein. The crystal structure of recombinant Ci-βγ-crystallin (Tables S1 and  S2 ) (Protein Data Bank accession codes for the coordinates and structure factors are 2bv2 and r2bv2sf, respectively) shows that the single domain has the standard βγ-crystallin fold, with two consecutive Greek key motifs organized about an approximate 2-fold axis (Figures 1A and 1B) . As with all solved lens βγ-crystallin domains, it has a folded β hairpin between the first two β strands of each Greek key motif, a tyrosine corner in the second motif, with the sheet exchanged β strand of the first motif shorter than in the second. Although two molecules were found in the crystallographic asymmetric unit (Table S1 ), they lack the approximate 2-fold symmetrical pairing typical of vertebrate lens βγ-crystallins. This is consistent with the lack of conservation of interface hydrophobic residues typical of twodomain lens βγ-crystallins and the monomeric behavior of purified Ci-βγ-crystallin. The Ci-βγ-crystallin domain contains two occupied calcium binding sites that are very similar to those observed in microbial βγ-crystallin domains (Table S3) . Each calcium binding site is built from both motifs by virtue of the approximate 2-fold symmetry axis, which simultaneously creates two similar binding sites ( Figure 1C ). In the crystal lattice of Ci-βγ-crystallin, the protein is bound in layers by the calcium ( Figure S1 ). Thus, Ci-βγ-crystallin shares structural as well as sequence similarity with vertebrate βγ-crystallins and, in addition, has calcium ion binding properties similar to those observed for some nonvertebrate βγ-crystallins and the amphibian protein EDSP [9] . Similar paired calcium binding βγ-crystallin domain sequences are absent from the known fish and mammalian genomes.
The crystal structure of Ci-βγ-crystallin conclusively confirms its homology to vertebrate βγ-crystallins and allowed us to construct a structure-based sequence alignment of βγ-crystallin domains (Figure 2A ). In turn, we were able to use this to construct a molecular phylogenetic tree illustrating βγ-crystallin evolution ( Figure   2B ). The C. intestinalis sequence is basal to a clade containing vertebrate βγ-crystallins and is related to G. cydonium βγ-crystallin. However, the two Greek key motifs of Ci-βγ-crystallin are encoded on separate exons, similar to the organization of vertebrate b-crystallins ( Figure 2B ), whereas the G. cydonium gene is an intron-less gene encoding a two-domain protein [10] . These data show that both Ci-bg-crystallin and the vertebrate bg-crystallins have evolved from a single ancestral gene, encoding a βγ-crystallin domain, which was present in the common ancestor of the chordates.
Analyzing the expression of relevant genes from species spanning an evolutionary transition such as the origin of the lens can allow the deduction of the molecular basis for key evolutionary steps. To explore this, we examined the localization of Ci-bg-crystallin mRNA and protein in C. intestinalis embryos, larvae, and juveniles by whole-mount in situ hybridization and immunohistochemistry. C. intestinalis has a biphasic life cycle (Figure 3A) . Embryos develop into a swimming larva with a dorsal neural tube and notochord embedded in a muscular tail. In the larval head is a small brain that includes a neuroectodermal sensory vesicle with two sensory organs, the ocellus and the otolith [7] , together thought responsible for controlling larval locomotion in the search for a suitable site for metamorphosis [11] . Once located, the larva adheres to the substratum with secretion from three anterior epidermal palps and subsequently undergoes a radical metamorphosis during which the majority of the brain and tail are reabsorbed. The remaining tissues are extensively remodeled to produce a sedentary adult. The ocellus is a ciliarybased photoreceptor system that includes a single pigmented cell and is considered homologous to the vertebrate retina [ 3, 4] . In some urochordate larvae, including those of C. intestinalis, three cells lie above the pigment cell, and because light must pass through them to reach the photoreceptors, these are sometimes referred to as lens cells [12, 13] . However, there is no evidence that these cells are homologous to vertebrate lens cells. Similarly, the otolith is not considered homologous to the vertebrate ear [14] .
The expression of Ci-bg-crystallin was found to be tightly regulated in a cell-specific manner (Figure 3) . Cibg-crystallin mRNA was detected in the palps of early and late larvae ( Figures 3B and 3C ) (see also http:// ghost.zool.kyoto-u.ac.jp/). Ci-βγ-crystallin protein was also detected in the palps of larvae (Figures 3D and 3E) , where the antibody stained the glandular cells and the protein did not appear to be secreted. Staining of Ci-βγ-crystallin in the palp cells was maintained during attachment and the early part of metamorphosis (Figure 3G). In later metamorphosis, the staining was restricted to a small number of scattered cells (Figures 3H and 3I) .
In late larvae, we also detected Ci-βγ-crystallin in the otolith (Figures 3E and 3F) . Control preimmune serum, from the same rabbit as the anti-Ci-βγ-crystallin antibody, did not label this structure. We did not observe staining for mRNA in this cell. This was probably masked by the pigmentation, something we (S.M.S., unpublished data) and others [15] have observed for other genes. Ci-βγ-crystallin protein in the sensory vesicle was maintained during the early part of metamorphosis but was not detectable toward the end of metamorphosis. The two pigmented cells of the ascidian sensory vesicle share a common developmental origin in that they arise from a bilaterally symmetrical pair of cells in the anterior nervous system [16] . These cells have been shown to be initially equivalent, with the potential to form both types of pigment cell. Which forms ocellus and which forms otolith appears to be regulated by Bmp and chordin signaling [17] . Additionally both ocellus and otolith lineages express opsins [15] . Because anterior photosensory structures are primitive for the bilateria [3, 4] , the parsimonious explanation is that both ocellus and otolith evolved from such photosensory structures.
Our data therefore suggest that the chordate βγ-crystallin ancestor was already expressed in a cell-specific manner in derivatives of a primitive visual system prior to the evolution of the lens in the vertebrate lineage. This raises the possibility that the evolution of the lens resulted from the co-option of a pre-existing regulatory circuit also driving the expression of the ancestor of key structural genes, bg-crystallins, in the visual system. An alternative explanation, however, is that βγ-crystallin genes have been independently co-opted in the two lineages. To test these hypotheses, we examined whether the Ci-bg-crystallin promoter region could target expression of a heterologous reporter gene to a vertebrate visual system. First, we identified the putative promoter region from the draft genome of C. intestinalis. We then cloned this region upstream of GFP to create Ci-βγ-crystallin PROM , electroporated this construct into fertilized C. intestinalis eggs, and allowed the resulting transgenic embryos to develop into larvae. Transgenic animals (n = 28) showed intense GFP fluorescence in the palps (Figures 4A and 4B) tains the regulatory elements necessary to recapitulate endogenous Ci-bg-crystallin expression, although it may not contain all the elements necessary to repress ocellus expression.
Next, we introduced Ci-βγ-crystallin PROM into Xenopus laevis. In the resulting transgenic X. laevis tadpoles (n = 24), the Ci-bg-crystallin promoter specifically directed GFP expression to the developing vertebrate visual system, including the optic tectum, the optic nerve/retinal ganglion cells, and the lens (67%, 46%, and 54% of animals, respectively) ( Figures 4C-4F) . Faint expression was also occasionally seen in the otic vesicle and nasal epithelium (20% and 25% of animals, respectively). X. laevis embryos transgenic for control constructs, including Ci-βγ-crystallin REV and one derived from the C. intestinalis Brachyury promoter [18] linked to GFP, did not show similar visual-system-specific expression (data not shown). This experiment confirms that the regulatory circuitry driving bg-crystallin gene expression in the visual system is conserved between C. intestinalis and X. laevis. Vertebrate eyes have a binary origin, with the retina, optic nerve, and optic tectum arising from the central nervous system, whereas the lens arises from an ectodermal placode. Notably, the Ci-bg-crystallin promoter targets expression to both lens (where vertebrate βγ-crystallins are primarily expressed) and neural components. This indicates the Ci-bg-crystallin promoter is probably recognizing a visualsystem-wide regulatory cue not a lens-specific cue. A degree of higher-level regulatory similarity between eyes in different taxa, including the vertebrate lens and neural visual system, has been previously recognized [19] . We speculate that such conserved transcription factors may be responsible for the observed pattern of Ci-bgcrystallin promoter activation.
Our study demonstrates that the vertebrate bg-crystallin genes have evolved from a single ancestral gene present in the common ancestor of the chordates and that this gene also gave rise to the single bg-crystallin ortholog in C. intestinalis. Although our data do not exclude the possibility that the lens itself evolved earlier than currently thought and has degenerated in modern urochordates, there is no evidence to support this view. Hence, we propose that this ancestral gene was already expressed in the neurectodermal visual system prior to the evolution of the lens and that its regulation was conserved during the evolution of the ectodermal lens. We therefore conclude that the evolution of the lens did not derive from a new association between a visual system regulatory circuit and co-opted lens structural genes but from the reuse of a pre-existing regulatory interaction linking these components in the central nervous system of a primitive chordate.
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